ABSTRACT: Human immunodeficiency virus (HIV) infection of a host cell begins with fusion of the HIV and host cell membranes and is mediated by the gp41 protein, a single-pass integral membrane protein of HIV. The 175 N-terminal residues make up the ectodomain that lies outside the virus. This work describes the production and characterization of an ectodomain construct containing the 154 N-terminal gp41 residues, including the fusion peptide (FP) that binds to target cell membranes. The Fgp41 sequence was derived from one of the African clade A strains of HIV-1 that have been less studied than European/North American clade B strains. Fgp41 expression at a level of ∼100 mg/L of culture was evidenced by an approach that included amino acid type 13 CO and 15 N labeling of recombinant protein and solid-state NMR (SSNMR) spectroscopy of lyophilized whole cells. The approach did not require any protein solubilization or purification and may be a general approach for detection of recombinant protein. The purified Fgp41 yield was ∼5 mg/L of culture. SSNMR spectra of membrane-associated Fgp41 showed high helicity for the residues C-terminal of the FP. This was consistent with a "six-helix bundle" (SHB) structure that is the final gp41 state during membrane fusion. This observation and negligible Fgp41-induced vesicle fusion supported a function for SHB gp41 of membrane stabilization and fusion arrest. SSNMR spectra of residues in the membrane-associated FP provided evidence of a mixture of molecular populations with either helical or β-sheet FP conformation. These and earlier SSNMR data strongly support the existence of these populations in the SHB state of membrane-associated gp41.
T he human immunodeficiency virus (HIV) is enveloped by a membrane obtained during budding from an infected host cell. An early step in HIV infection of a new cell is joining or "fusion" of the HIV and host cell membranes. This process is catalyzed by the ∼350-residue HIV gp41 protein that is an integral membrane protein of the viral envelope. 1 The ∼175 Nterminal residues form the ectodomain that lies outside HIV (see Figure 1a for most of the ectodomain sequence and identification of structural and functional regions). Prior to fusion, gp41 is noncovalently associated with the gp120 protein ( Figure 1b) . Productive infection begins with binding of gp120 to receptor proteins in a target cell membrane and is followed by dissociation of gp120 from gp41. 2 There are ensuing structural changes of gp41 and likely binding of the ∼20-residue N-terminal "fusion peptide" (FP) region to target cell membranes with concurrent changes in the two membranes, including mixing of lipids, formation of a single hemifusion diaphragm bilayer that separates the HIV and cell contents, and opening of the diaphragm to form a single membrane that encloses HIV and the cell. 3 Although there are no highresolution structures of full-length gp41, other structural and functional data support (1) trimeric gp41, (2) an early stage "prehairpin intermediate" (PHI) state with a parallel trimer of fully extended ectodomains between the HIV membrane and the FP in the cell membrane, and (3) a final "six-helix bundle" (SHB) state with a gp41 trimer with each gp41 molecule having an N-helix−turn−C-helix hairpin structure and parallel Nhelices in the trimer interior and parallel C-helices on the trimer exterior (Figure 1b) . 4−7 Studies of cell−cell fusion induced by gp120−gp41 complexes indicate that most membrane fusion steps with the exception of diaphragm opening occur prior to formation of the final SHB state. 8 The importance of the FP in fusion and infection has been highlighted by decreases in both functions with point mutations in the FP. 9 The current understanding of gp41 is also based on smaller fragments of gp41 where fusogenic function has typically been assayed by fragment-induced perturbation or fusion of membrane vesicles. One such fragment is the HIV fusion peptide (HFP) that corresponds to the 20−30 N-terminal residues of gp41 and has moderate fusogenicity. 10 The functional significance of the PHI trimeric topology (Figure 1b) has been supported by the high fusogenicity of (1) a crosslinked HFP trimer (HFPtr) and (2) "N70", the 70 N-terminal residues of gp41. 10−13 The higher fusogenicity of N70 relative to that of the HFP may also have a contribution from the Nhelix residues that are C-terminal of the FP. Much larger ectodomain constructs have also been produced with N-helix and C-helix regions and form the thermostable SHB structure (Figure 1b) , which is the final gp41 state. Different approaches were used to obtain these FP-containing hairpin constructs. In one approach, the FP and hairpin regions were produced separately by chemical synthesis and bacterial expression, respectively, and the "FP-hairpin" was then made by native chemical ligation. 11, 12 In another approach, a chimera was expressed in Escherichia coli and contained an N-terminal molecular carrier protein (e.g., glutathione S-transferase) followed by the gp41 ectodomain. 14−16 The carrier was cleaved during purification. There are conflicting results from different studies of the fusogenicity of such hairpin constructs with reports of both very high levels of fusion and no fusion. There were some differences among the studies, including (1) deletion of loop residues between the N-and C-helices in some constructs, (2) lipid compositions of the vesicles including different fractions of negatively charged lipid, (3) the use of smaller and less stable sonicated vesicles versus larger and more stable extruded vesicles, and (4) pH values that ranged between 3.0 and 7.5. 17 Structural studies have also been conducted for some of the aforementioned fragments. A helical monomer HFP has been observed in detergent with one report of a continuous helix between residues 4 and 22. 18−22 However, to the best of our knowledge, the HFP does not induce fusion between detergent micelles. The structure of the membrane-associated HFP has been probed mostly by solid-state nuclear magnetic resonance (SSNMR) spectroscopy with supporting data from other techniques such as infrared spectroscopy.
23−25 SSNMR spectra of the HFP associated with membranes lacking cholesterol show distinct populations of predominant β-sheet and predominant α-helical molecules, while the HFP associated with membranes with ∼30 mol % cholesterol shows only the β-sheet conformation with an antiparallel alignment of adjacent hydrogen-bonded HFPs. 10,26−30 The biological relevance of membrane cholesterol is supported by the ∼25 mol % cholesterol in host cell membranes and the ∼45 mol % cholesterol in HIV membranes. 31 The FP structure appears to be similar in the highly fusogenic HFP trimer and in N70, whereas the FP-hairpin construct with SHB structure showed approximately equal populations of molecules with either β-sheet or helical FP structures. 10, 12, 29 For membrane-associated N70, the N-helix residues appear to be predominantly helical and N70 is recognized by an antibody specific for trimeric coiled-coil N-helices. 32 There are several high-resolution structures of hairpin constructs without the FP that show (1) the hairpin structure of individual molecules and (2) molecular trimers with SHB structure. 4−7 SSNMR requires production of multimilligram quantities of isotopically labeled protein, and protein yields may be reduced by ligation and/or cleavage steps. This was the reason behind one of the goals of this study, expression of the FP-containing gp41 ectodomain ("Fgp41") in bacteria without a chimera or ligation. This goal seemed reasonable because recently developed protocols yielded 20 mg of protein/L of culture for the full-length "FHA2" ectodomain of the influenza virus fusion protein. 33−35 There is considerable diversity among HIV protein sequences in patient sera and in cell cultures. This was the reason behind a second goal of this study, functional and structural experiments on a gp41 ectodomain sequence that differed from the sequence of the earlier studies to address the generality of the functional and structural findings across strains of HIV. In these earlier studies, the sequence was from the HXB2 strain of HIV-1 that was first created in a cell culture in 1984 and is grouped with "clade B" HIV-1 prevalent in patients in North America and Europe. 36 In some contrast, the gp41 . This is a primary isolate from a female patient in Kenya. The last eight residues of the sequence are non-native. The red and green regions were based on continuous helical regions in high-resolution structures of different soluble ectodomain gp41 constructs with the hairpin conformation (shown schematically in panel b). In these SHB structures, the red and green helices are antiparallel to one another.
sequence in this study is from the primary HIV-1 isolate Q45D5 from the sera of a newly infected Kenyan woman. 37 The Q45D5 isolate is grouped with clade A HIV-1 that is prevalent in Central and East Africa. The HXB2 and Q45D5 gp41 ectodomain sequences are provided in the Supporting Information. A third goal of this study was to conduct functional and SSNMR structural studies to compare with the FP-hairpin construct in which 46 contiguous residues, including the native loop, were replaced with the non-native SGGRGG sequence. 11, 12, 17 The FP-hairpin did not induce vesicle fusion and inhibited fusion by constructs such as N70. The deletion of these residues in the FP-hairpin may be important as a 35-residue peptide that included the native loop region induced vesicle fusion under some conditions. 38 The Fgp41 construct of the present study has the native sequence without deletion.
■ MATERIALS AND METHODS
Materials. The Fgp41 plasmid was constructed within the pET24a(+) vector using the DNA sequence of the Q45D5 primary isolate that is grouped with clade A of HIV-1. The plasmid was transformed into BL21(DE3) chemically competent E. coli cells (Novagen, Gibbstown, NJ). The Fgp41 amino acid sequence is given in Figure 1a , and the correlative sequence from plasmid DNA extracted from the cells is provided in the Supporting Information. Other reagents and their sources were as follows: Luria-Bertani broth (LB) medium (Acumedia, Lansing, MI), n-octyl β-D-thioglucopyranoside (bTOG) and isopropyl β-D-thiogalactopyranoside (IPTG) (Anatrace, Maumee, OH), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (POPG) (Avanti Polar Lipids, Alabaster, AL), and isotopically labeled amino acids (Cambridge Isotope Laboratories, Andover, MA). Other materials were obtained from Sigma-Aldrich (St. Louis, MO).
Protein Production and Purification. The protocol was based on a previous protocol for the influenza virus fusion protein ectodomain. 34 One key feature was initial bacterial growth in rich medium to high cell densities. Relative to initial growth in minimal medium, protein production was augmented by the cell densities and by the larger number of ribosomes per cell. Bacterial cell cultures were grown in media containing 15 mg/L kanamycin because the pET24a(+) vector contains a gene for kanamycin resistance. Bacterial cells in 1 mL of an 80/ 20 (v/v) H 2 O/glycerol mixture were added to two 2.8 L baffled fernbach flasks that each contained 1 L of LB and were capped with a foam plug. Bacterial growth to an OD 600 of ≈4 occurred during overnight incubation at 37°C with shaking at 140 rpm. The cell suspensions were centrifuged (10000g for 10 min), and the cell pellets were harvested and then resuspended in a single flask containing 1 L of fresh medium with M9 minimal salts, 2.0 mL of 1.0 M MgSO 4 , and 5.0 mL of a 50% glycerol solution. Growth resumed after incubation at 37°C for approximately 1 h. At this time, 100 mg of 1-13 C-labeled amino acid per liter and 100 mg of 15 N-labeled amino acid per liter (or 100 mg of 1-13 C-and 15 N-labeled amino acid per liter) were added to the medium. IPTG was then added to a final concentration of 2 mM, which induced expression of Fgp41 (6 h at 23°C). The cell pellet was harvested after centrifugation and stored at −80°C. The wet cell mass was ∼8 g.
A variant of this procedure was used to make whole cell NMR samples and included (1) 50 mL culture volumes in 250 mL flasks, (2) overall reagent concentrations similar to those described above, including ∼10 mg of labeled amino acid(s), and (3) in some cases lyophilization of the cells.
The Fgp41 purification was based on the C-terminal His tag, and the following protocol is for ∼3 g of wet cells. Most Fgp41 was in inclusion bodies, so cells were lysed in a 40 mL solution containing 1% sodium dodecyl sulfate (SDS) as well as 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, and 1 mM imidazole. Lysis was accomplished by sonication (4 × 1 min) with a tip sonifier (Branson, Danbury, CT), and the soluble and insoluble portions of the lysate were then separated by centrifugation (48000g for 20 min at 4°C). The soluble lysate was mixed with 0.25 mL of cobalt His-Select resin (prepared using the manufacturer's instructions) and then agitated at ambient temperature for 1 h. The resin with bound Fgp41 was separated from the lysate by flow through a fritted column. Purification was accomplished by passing buffer [50 mM sodium phosphate (pH 8.0), 300 mM NaCl, and 0.5% SDS] through the resin with stepwise increases in imidazole concentration. Weakly bound protein was first eluted with buffer containing 1, 20, or 50 mM imidazole, and tightly bound protein (predominantly Fgp41) was subsequently eluted with buffer containing 250 mM imidazole. Excess SDS was precipitated by overnight incubation at 4°C and removed by centrifugation (16000g for 1 min). Fgp41 was typically dialyzed into "HEPES/MES" buffer [5 mM HEPES and 10 mM MES (pH 7.4)]. Fgp41 concentrations were quantified using an ε 280 of 46000 M −1 cm
, which was estimated from the sum of the ε 280 values of individual tryptophans and tyrosines.
Circular Dichroism (CD) Spectroscopy. Spectra were recorded using a CD instrument (Chirascan, Applied Photophysics, Surrey, U.K.), a 1 mm path length, a 260−200 nm spectral window, wavelength points separated by 0.5 nm, and 1 s signal averaging per point. Fgp41 samples were prepared by precipitation of excess SDS followed by overnight dialysis into HEPES/MES buffer (pH 7.4) with DTT added at 2 times the molar concentration of Fgp41 to prevent disulfide bond formation. Most spectra were obtained with 20 μM Fgp41. For each sample, a reference spectrum was also taken of buffer without Fgp41 and the relevant Fgp41 spectrum was the difference between the spectra for Fgp41 and buffer and buffer only.
Lipid Mixing. One early step in fusion between the HIV and target cell membranes is mixing of lipids between the two membranes. This aspect of Fgp41 fusogenicity was probed by fluorescence-detected Fgp41-induced mixing of lipids between membrane vesicles. A set of vesicles that contained POPC and POPG lipids in a 4:1 molar ratio was prepared, and another set of "labeled" vesicles that contained an additional 2 mol % of the fluorescent lipid N-NBD-PE and 2 mol % of the quenching lipid N-Rh-PE was prepared. Large unilamellar vesicles (LUVs) were prepared by (1) dissolving lipids in chloroform and then removing chloroform by nitrogen gas and overnight vacuum, (2) formation of pH 7.5 aqueous lipid dispersions with ≈5 mM total lipid and 25 mM HEPES, including five freeze−thaw cycles, and (3) ∼20-fold extrusion through a polycarbonate filter with 0.1 μm diameter pores. The assay was conducted at 37°C with continuous stirring in HEPES buffer using a mixture of unlabeled vesicles (135 μM total lipid) and labeled vesicles (15 μM total lipid). After measurement of the initial fluorescence F 0 , an aliquot of 30 μM Fgp41 in HEPES/MES buffer was added to the vesicle solution so that the final Fgp41 concentration was 3 μM and the Fgp41:total lipid ratio was 0.02. Fgp41-induced fusion between labeled and unlabeled vesicles resulted in a longer fluorophore−quencher distance and increased fluorescence. The fluorescence increase ΔF Fgp41 was compared to the maximal fluorescence increase (ΔF max ) obtained after subsequent addition of the Triton X-100 detergent that solubilized the vesicles. Assay parameters included (1) the fluorimeter from Photon Technology International, (2) excitation and emission wavelengths of 465 and 530 nm, respectively, with 4 nm bandwidths, and (3) 1.8 mL of an initial vesicle solution, a 0.2 mL aliquot of Fgp41, and an ∼20 μL aliquot of 10% Triton X-100.
Membrane Reconstitution. A homogeneous mixture of the POPC (28 mg) and POPG (7 mg) lipids and the bTOG (140 mg) detergent was made by (1) dissolution in chloroform, (2) removal of chloroform via nitrogen gas and overnight vacuum, and (3) dissolution in HEPES/MES buffer. Fgp41 (∼10 mg) was added to the solution and had been in affinity column eluents from which excess SDS had been removed. Dialysis of the bTOG/lipid/Fgp41 solution against HEPES/ MES buffer removed bTOG with consequent liposome formation with bound Fgp41. Dialysis parameters included (1) a bTOG/lipid/Fgp41 solution in 10 kDa molecular mass cutoff tubing (initial volume of ∼15 mL), (2) a 3 L buffer volume, and (3) a 3 day duration with one buffer change. The proteoliposome pellet was harvested after centrifugation (50000g for 3 h), and unbound Fgp41 did not pellet under these conditions. The pellet was packed into a 4 mm diameter magic angle spinning (MAS) rotor with ∼5 mg of Fgp41 and ∼20 mg of total lipid in the 40 μL active sample volume. (5) centrifugation. The induction temperature and duration were either (a−c) 23°C and ∼2 h or (d) 37°C and ∼5 h, respectively. The left panels display S 0 (blue) and S 1 (red) spectra and the right panels the ΔS ≡ S 0 − S 1 spectra. The REDOR dephasing time was either (a−c) 1 or (d) 2 ms. For panels a, b, and d, the dominant contribution to each ΔS spectrum was from residues with labeled 13 CO groups that were directly bonded to labeled 15 N atoms. These residues were (a and b) L33, L44, L54, L81, L134, and L149 of the LL sequential pairs of Fgp41 and (d) G10 of the G10-F11 unique sequential pair. Each S 0 or S 1 spectrum was processed with 100 Hz Gaussian line broadening, and each ΔS spectrum was processed with either (a and d) 200 or (b and c) 100 Hz line broadening. Polynomial baseline correction (typically fifth order) was applied to each spectrum. Each S 0 or S 1 spectrum was the sum of (a) 100000, Solid-State NMR Spectroscopy. Data were obtained with a 9.4 T instrument (Agilent Infinity Plus) and a tripleresonance MAS probe whose rotor was cooled with nitrogen gas at −10°C. Because of heating from MAS and rf radiation, we expect that water in the sample was liquid rather than solid. Experimental parameters included (1) H field and a 70−80 kHz ramped 13 C field, (3) a 1−2 ms rotational-echo double-resonance (REDOR) dephasing time with a 9 μs 13 C π-pulse at the end of each rotor period except the last period and, for some data, a 12 μs 15 N π-pulse at the center of each rotor period, (4) 13 C detection with 90 kHz two-pulse phase modulation 1 H decoupling (which was also on during the dephasing time), and (5) a 0.8 s pulse delay. 39 Data were acquired without (S 0 ) and with (S 1 )
15 N π-pulses during the dephasing time and represented the full 13 C signal and the signal of 13 C atoms not directly bonded to 15 N nuclei, respectively. The S 0 − S 1 (ΔS ) difference signal was therefore dominated by the labeled 13 CO groups in the sequential pairs targeted by the labeling. Spectra were externally referenced to the methylene carbon of adamantane at 40.5 ppm, so that the 13 CO shifts could be directly compared to those of soluble proteins. 40 
■ RESULTS

Detection of Fgp41 in Whole Cells by Solid-State NMR.
The bacterial growth and Fgp41 expression conditions were very similar to those used for FHA2, a construct corresponding to the full-length ectodomain (including the fusion peptide) of the influenza virus HA2 fusion protein. 34 Like Fgp41, FHA2 had a C-terminal hexahistidine tag, and bacterial cell lysis and protein solubilization in buffer containing N-lauroylsarcosine detergent followed by affinity chromatography resulted in 10 mg of purified FHA2/L of culture. In some contrast, application of this protocol to cells induced to synthesize Fgp41 gave only 0.1 mg of Fgp41/L of culture. It was unclear whether the poor yield was due to a low level of Fgp41 expression or to poor Fgp41 solubilization by the detergent.
The FHA2 solubilized by the detergent was likely initially associated with the cell membrane. It was also shown that a much larger fraction of FHA2 was not solubilized by detergent and was likely constituted in inclusion bodies. The poor yield of Fgp41 might therefore be due to dominant incorporation in inclusion bodies. The molecular structure of FHA2 in inclusion bodies had been probed by (1) adding specific 13 CO-and 15 N- labeled amino acids immediately prior to induction, (2) recording REDOR SSNMR spectra of the whole cells after induction so that the filtered ΔS signal corresponded to the 13 CO group of a targeted residue in FHA2, and (3) correlation of the experimental peak 13 CO shift with the local conformation at this residue. 41 A modified approach was applied to cells induced to express Fgp41 with the goal of assessing Fgp41 production. Addition of 10 mg of [1-13 C, 15 N]Leu to a 50 mL culture just prior to induction of expression targeted the 24 Leu residues and six LL repeats in the Fgp41 sequence (Figure 1a) . The isotropic 13 CO regions of the REDOR S 0 , S 1 , and ΔS spectra of the cells are displayed in Figure 2a ,b. The Figure 2a sample was an aliquot of the wet cell pellet obtained after the induction period and subsequent centrifugation, and the Figure 2b sample was an aliquot of this whole cell pellet that had been lyophilized. The spectra were similar for both wet and lyophilized cells with ∼4 times greater signal per scan in the lyophilized cell sample because this sample had a higher fraction of nonaqueous cell mass. For either sample type, the intensity of the S 1 spectrum was reduced relative to S 0 . This supported the presence of LL repeats in the protein produced during the induction period and correlated with the six LL repeats in the Fgp41 sequence. The ΔS spectra had prominent signals in the 13 CO region, and these were the only signals that could be detected above the noise (see the Supporting Information for full spectra). Control cells were produced using unlabeled rather than labeled Leu. The resultant NMR spectra are displayed in Figure 2c and had comparable S 0 and S 1 intensities with little 13 CO ΔS signal. This provided further support for the idea that the 13 CO ΔS signal from the labeled cells could be ascribed to LL repeats in protein produced during expression. Cells were also labeled with [1- 13 C]Gly and [ 15 N]Phe that targeted the 11 Gly residues in the Fgp41 sequence and the single GF pair at G10 and F11. The resulting NMR spectra are displayed in Figure 2d and included a prominent 13 CO ΔS signal that was consistent with Fgp41 production.
Both labeled and natural abundance 13 CO groups contribute to the S 0 and S 1 NMR signals of the labeled whole cells. Panels a and b of Figure 3 provide quantitative assessment of these two contributions and show the full S 0 and S 1 spectra, respectively, of the Leu-labeled and unlabeled cells. In each panel, the two spectra were scaled to have equal intensity in the 0−90 ppm region because this region should be unaffected by labeling. The ratio of the unlabeled to labeled scaling factors was ∼0.75 and matched the ratio of numbers of scans summed for the labeled versus unlabeled samples. This matching was expected because the signal intensities of individual scans were approximately equal to each other, so the sum signal intensity increased linearly with the number of scans. For panels a and b, the difference between the intensities in the 13 CO region was the labeled Leu contribution to the S 0 and S 1 signal, respectively. For these labeled Leu 13 CO groups, there was a smaller S 1 intensity relative to that of S 0 . This is shown more clearly in Figure 3c , which displays the S 0 and S 1 spectra processed from labeled cell data − 0.75 × unlabeled cell data. For labeled Leu in the cells, the normalized experimental dephasing (ΔS/S 0 ) exp equals 0.13 ± 0.01 and was determined from the 13 CO S 0 and S 1 intensities in panel c. The following model and analysis support the idea that most of the labeled Leu was in Fgp41; i.e., Fgp41 was the dominant protein produced during expression. Consider the model. (1) The 24 Leu residues of Fgp41 are labeled with 13 CO and 15 N.
(2) The 13 CO groups of the N-terminal Leu residues of the six LL repeats (directly bonded to 15 and supports dominant production of Fgp41 during the induction period. Additional evidence of the production of Fgp41 from SSNMR spectra is described later in the paper and resulted in an estimate of the ratio of the mass of Fgp41 to the mass of lyophilized cells.
Optimization of Fgp41 Solubilization. Initial cell lysis buffers contained either 8 M urea, 0.5% N-lauroylsarcosine, 0.5% Triton X-100, or 10% SDS (see Materials and Methods for other buffer components). The solubilization efficiency of the buffer was assessed using detection of a band at ∼19 kDa (assigned to Fgp41) in the SDS−PAGE gel of the soluble lysate and then consideration of the absolute intensity of this band as well as its intensity relative to those of other bands in the gel lane. A dark Fgp41 band that was intense relative to other proteins was observed with lysis in buffer containing SDS (see the Supporting Information for a representative gel). Bands that may be Fgp41 were also apparent for lyses in either urea or N-lauroylsarcosine; however, purifications of these lysates consistently yielded <1 mg of Fgp41/L of culture, whereas purifications of SDS lysates yielded >1 mg of Fgp41/L of culture. Subsequent lyses were therefore conducted with SDS. The effect of SDS concentration on Fgp41 solubilization was further investigated by comparison of lysis in buffer containing either 0.5, 1, 3, or 5% SDS. For 1%, a dark band that was intense relative to other proteins was observed (see the Supporting Information). Subsequent lyses were conducted using 1% SDS. The effect of different sonication conditions during lysis on Fgp41 solubilization was also investigated. The darkest Fgp41 band was observed using four 1 min cycles at 80% amplitude with 0.8 s on and 0.2 s off. Increasing the number of cycles did not result in a darker band.
Optimization of Fgp41 Expression. Experiments were conducted to investigate the effects on Fgp41 expression of (1) the glycerol concentration in the expression medium, (2) the IPTG concentration, and (3) the induction time. The protocol included (1) overnight cell growth at 37°C from a glycerol stock in 2 L of LB, (2) cell pelleting by centrifugation followed by resuspension in 1 L of LB, (3) growth at 37°C for 1 h, (4) transferring 100 mL aliquots of medium into separate flasks, (5) addition of glycerol and then IPTG with the concomitant induction of expression at 23°C, (6) cell pelleting by centrifugation followed by lysis in buffer with 1% SDS, and (7) SDS−PAGE of the soluble cell lysates with visual comparison of their Fgp41 band intensities. In general, only one parameter, e.g., IPTG concentration, was varied among a group of aliquots. Results were as follows. (1) Comparison among induction times of 2, 4, and 6 h showed the darkest band for 6 h. Subsequent experiments were conducted using 2 mM IPTG, 0.25% glycerol, and a 6 h induction.
Optimization of Fgp41 Purification. The basis for the development of the Fgp41 purification protocol was an earlier protocol developed in our lab for FHA2. 34 The Fgp41 band was observed with a modified protocol using buffers that contained 50 mM sodium phosphate (pH 8.0), 0.5% SDS, 300 mM NaCl, and imidazole at different concentrations. Relative to only washing with buffer containing 20 mM imidazole, SDS−PAGE showed that sequential washes with buffers containing 1, 20, and 50 mM imidazole was more effective at washing non-Fgp41 proteins from the resin while leaving most Fgp41 bound to the resin. After the washes, the Fgp41 was eluted from the resin using buffer containing 250 mM imidazole. The eluent was incubated overnight at 4°C with consequent precipitation of excess SDS. Negligible Fgp41 precipitated as evidenced by very similar A 280 values for the eluent before and after incubation. SDS−PAGE showed that the eluent contained highly pure Fgp41 (Figure 4a ) and that Fgp41 could be membrane-reconstituted (Figure 4b ). The final purified yield of Fgp41 (as determined by A 280 ) was ∼5 mg/L of culture. This yield was obtained using a 1 h initial mixing of the lysate and resin with a similar yield obtained for a 2 h mixing and a reduced yield 3 mg/L for a 4 h mixing. Enhanced proteolysis is one explanation for a reduced yield with a longer mixing time.
CD Spectroscopy. Figure 5 (black trace) displays the CD spectrum of purified Fgp41 after dialysis into HEPES/MES buffer (pH 7.4). Minima near 208 and 222 nm were diagnostic of α-helical conformation as might be expected from the hairpin structure (Figure 1 ). The magnitude of θ 222 showed a small linear decrease over the range of 25−100°C (Figure 6 ), where
The CD spectra at 25°C were very similar before and after heating ( Figure 5 ) and showed that the temperature-dependent changes were reversible. This behavior was very similar to the temperature dependencies of the CD spectra of the shorter hairpin and FP-hairpin constructs whose sequence was from the laboratory HXB2 strain of HIV-1.
11,12
For these constructs, 46 contiguous residues including the native loop were replaced with six non-native residues. Subsequent differential scanning calorimetry experiments showed an unfolding transition centered at 110°C for both constructs. Consideration of other CD measurements on this unfolded state indicates that for Fgp41, |θ 222 | unfolded ≈ 0.2|θ 222 | 25°C so even at 100°C, Fgp41 appears to retain hyperthermostable hairpin structure.
Vesicle Fusion. Fgp41 induced negligible intervesicle fusion at pH 7.5 as assayed by lipid mixing (Figure 7) . The fluorescence increase was ∼2% of that observed for Triton X- . CD spectra of Fgp41 at 25°C. The black trace is for a sample that had not been heated, and the red trace was obtained after the sample had been heated to 100°C with subsequent cooling to ambient temperature. Each trace is the difference between the CD spectrum of Fgp41 with buffer and the spectrum of buffer alone. The similarity of the red and black spectra supports the reversibility of any thermal denaturation of Fgp41. Fgp41 samples were prepared by precipitation of excess SDS, subsequent dialysis in HEPES/MES buffer (pH 7.4), and addition of DTT at 2 times the molar concentration of Fgp41 to inhibit disulfide bond formation. For these spectra, the Fgp41 concentration was 20 μM. Spectra for other Fgp41 samples were similar with minima near 208 and 222 nm that were diagnostic of α-helical structure. In some spectra, the θ 222 could be as low as −15000 deg cm 2 dmol
. Figure 6 . Plot of CD θ 222 vs temperature for Fgp41. No unfolding transition is apparent for temperatures up to 100°C. Sample conditions were the same as those described in the legend of Figure 5 . 100 detergent, where Triton is commonly considered to induce 100% lipid mixing. SSNMR of Membrane-Reconstituted Fgp41. Figure 8 displays S 0 , S 1 , and ΔS REDOR SSNMR spectra of membranereconstituted Fgp41 labeled with different amino acids. Many of these spectra were deconvolved into a few Gaussian line shapes (see Figure 8 and the Supporting Information). Table 1 presents the best-fit peak chemical shifts, line widths, and integrated intensities of the individual line shapes of the S 0 spectra, and Table 2 presents the line shape parameters of the ΔS spectra. All fits were excellent as judged by the close agreement between the line shape sum and the experimental intensity (see the Supporting Information). These fittings were used to understand whether the N-helix and C-helix structures of the six-helix bundle were retained in the membraneassociated Fgp41 and to assess the distribution of conformations in the FP region. The left panels display S 0 (blue) and S 1 (red) spectra; the middle panels display the best-fit Gaussian deconvolutions of the S 0 spectra, and the right panels display the ΔS ≡ S 0 − S 1 spectra. The REDOR dephasing time was either (a) 1 or (b−f) 2 ms, and the dominant contribution to each ΔS spectrum was from residues with labeled 13 CO groups that were directly bonded to labeled 15 N atoms. These residues were (a) L33, L44, L54, L81, L134, and L149, (b) F8 and F11, (c) V7, (d) V2, (e) A15, and (f) G3. Each S 0 or S 1 spectrum was processed with 100 Hz Gaussian line broadening, and each ΔS spectrum was processed with (a and b) 100 or (c−f) 200 Hz line broadening. Polynomial baseline correction (typically fifth order) was applied to each spectrum. Each S 0 or S 1 spectrum was the sum of Figure 8a displays the 13 CO spectra of the [1-13 C, 15 N]Leulabeled sample. The S 0 spectrum targeted the 24 Leu residues in the Fgp41 sequence, and the ΔS spectrum targeted the L33, L44, L54, L81, L134, and L149 13 CO groups, which are the Nterminal Leu residues in LL repeats. The 13 CO signal was the only discernible feature in the ΔS spectrum (see the Supporting Information). Both the S 0 and ΔS spectra had high signal-tonoise ratios and were fitted well to the sum of three components. In both cases, the two higher shift components comprised >75% of the integrated intensity and were assigned to the helical conformation because their peak shifts were much closer to the characteristic shifts of helical Leu residues (Gaussian distribution of 178.5 ± 1.3 ppm) than to β-strand Leu residues (175.7 ± 1.5 ppm). 43 The 13 CO S 0 spectrum had contributions from the labeled Fgp41 Leu residues, as well as natural abundance sites in Fgp41 and lipids. Calculated relative fractional contributions are listed in Table 1 and show that the Fgp41 Leu residues dominate the spectrum. Using an S 1 /S 0 intensity ratio of 0.3 for the N-terminal Leu residues of the LL pairs and a ratio of 1.0 for other 13 CO groups (based on model compound studies and simulations), the (ΔS/S 0 ) calc for the sample was 0.15 and correlated reasonably well with the (ΔS/ S 0 ) exp of 0.12 ± 0.02. 42 If the SHB structure were retained in membrane-associated Fgp41, then the fractional contribution to the S 0 13 CO intensity of Leu residues in the N-and C-helices would be 0.68. This correlated well with the experimental fractional S 0 intensity of 0.75 in the helical conformation and supports retention of SHB structure upon membrane binding. Further support for this structure was the correlation between the experimental helical fractional intensity of 0.92 in the ΔS spectrum and the location of the six LL repeats in the N-and C-helices.
Spectra of the remaining labeled samples provided information about structure in the putative SHB region as well as in the FP. Figure 8b displays spectra from a sample with [1- 13 C]Phe and [ 15 N]Leu labeling. There are three Phe residues in the sequence: F8 and F11 in the FP and F96, which would be in the loop region of a SHB structure. There was ∼0.4 fractional contribution of the labeled Phe 13 CO groups to the S 0 spectrum and ∼0.3 contribution each from natural abundance 13 CO groups in Fgp41 and the lipid. The S 0 spectrum was well-fitted to the sum of three line shapes. The two line shapes with higher peak shifts comprised ∼0.5 fractional contribution of the total intensity, and the shifts were generally consistent with helical protein conformation. The peak shift of the other line shape was consistent with β-strand protein conformation and with lipid shifts. The labeled F8 and F11 13 CO groups in the FP were directly bonded to labeled Leu 15 N atoms with an S 1 /S 0 of ∼0.15 for a 2 ms dephasing time. 42 The other 13 CO groups had S 1 /S 0 values of ∼1. (ΔS/S 0 ) calc was close to (ΔS/S 0 ) exp , and the ΔS spectrum was dominated by the F8 and F11 13 CO signals. The ΔS spectrum was well-fitted to two line shapes with the higher (lower) peak shifts consistent with helical (β-strand) Phe 13 CO shift distributions of 177.1 ± 1.4 ppm (174.3 ± 1.6 ppm) . 43 The lower ∼173 ppm experimental peak shift matched well with the 173 ppm peak shifts measured for F8 and F11 of the membrane-associated HFP fragment. 26−28 This peptide has been shown to form small oligomers with antiparallel β-sheet structure. 30 For membranebound Fgp41, the ratio for F8 and F11 of helical to β-strand/ sheet intensities was ∼1:2 and was consistent with two Fgp41 populations with different FP conformations. Figure 8c displays the spectra and analysis for a sample labeled with [1-
C]Val and [
15 N]Phe. The approach to the analysis was the same as in the previous paragraph. The eight labeled Val 13 CO groups made a fractional contribution of ∼0.7 to the S 0 signal. The S 0 spectrum was well-fitted to three line shapes, and the two higher-shift line shapes comprised ∼0.8 fraction of the total intensity and had shifts that correlated with the helical rather than the β-strand Val 13 CO distribution (177.7 ± 1.4 ppm vs 174.8 ± 1.4 ppm). 43 The line shape with the lowest peak shift correlated with β-strand/sheet conformation. The high helical content was consistent with SHB structure for membrane-bound Fgp41. The (ΔS/S 0 ) calc matched (ΔS/S 0 ) exp . The ΔS spectrum was dominated by V7 and was well-fitted to three line shapes that indicated a ratio of helical to β-strand/sheet populations of ∼2:1. This ΔS spectrum confirmed two Fgp41 populations with different FP conformations, while the difference in population ratio relative to the Figure 8b ΔS spectrum may reflect the lower signal-tonoise ratio of the Figure 8c spectrum, sample-to-sample variation, and/or conformational differences between V7 and F8 and F11. Figure 8d displays the spectra and analysis for a sample labeled with [1- 13 C]Val and [ 15 N]Gly. As with Figure 8c , analysis of the S 0 spectrum of Figure 8d supported a dominant helical conformation consistent with a six-helix bundle structure. Comparison of the two spectra provided insight into sample-to-sample variation and the robustness of the S 0 deconvolution. The (ΔS/S 0 ) calc matched (ΔS/S 0 ) exp . The ΔS spectrum was dominated by V2 and extended broadly over the 170−180 ppm region, so that deconvolution was not meaningful. As noted in the previous paragraph, this shift range includes the helical and β-strand/sheet shift distributions, and the ΔS spectrum was therefore consistent with a mixture of Fgp41 populations with helical and β-strand/sheet conformations at V2 in the FP. We note that the V2 13 CO signal of the membrane-associated HFP was also broader than signals from residues 6−12 in the interior hydrophobic region. a Spectral deconvolution was conducted with two or three Gaussian line shapes whose peak shifts, line widths, and intensities were independently varied until there was minimal difference between the sum of the line shapes and the experimental line shape. For all cases, there was excellent agreement between the best-fit deconvolution sum line shape and the experimental line shape (see the Supporting Information). Deconvolution was not meaningful for the other samples because the ΔS spectra were broad and relatively featureless. 15 N]Leu. The analyses are presented together because of the similar results. The S 0 spectra were broad and featureless over the 170−185 ppm range, so that deconvolution was not meaningful. This spectral breadth was understood by considering that although the fractional contribution of the labeled 13 CO groups to the total S 0 intensity was ∼0.8, the labeled contribution from N-and C-helices in a SHB structure would be ∼0. 25 . Approximately half of the S 0 intensity would be from labeled 13 CO groups in the FP and loop regions. The earlier Figure 8a −d analyses supported a mixture of helical and β-strand/sheet shifts for FP 13 CO groups, and broad signals are also expected from 13 CO groups in the less-ordered loop region. For the spectra in panels e and f of Figure 8 , there were relatively good agreements between (ΔS/S 0 ) calc and (ΔS/S 0 ) exp and the ΔS spectra were dominated by the 13 CO groups of A15 and G3, respectively. These ΔS spectra extended over 170−180 ppm, and as with the V2 ΔS spectrum, the breadth correlated with being near one end of the FP region and with the spectral breadth observed for the corresponding residues in the membrane-associated HFP.
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Analysis of the SSNMR Spectra of Lyophilized Whole Cells. Comparison of the ΔS spectrum of [1-13 C, 15 N]Leulabeled cells (Figure 2b ) to the ΔS spectrum of the unlabeled cells (Figure 2c) shows a clear effect from using labeled Leu. The "labeled cell difference" S 0 (S 1 ) spectrum (Figure 3c) is the difference between the S 0 (S 1 ) spectra of the labeled and unlabeled cells and shows only the contribution of the labeled Leu. Deconvolution was applied to the labeled cell difference S 0 spectrum and to the labeled cell ΔS spectrum. Both spectra were well-fitted to the sum of three Gaussian line shapes (see Table 3 and the Supporting Information) and were dominated by the [1-13 C, 15 N]Leu incorporated into the cell protein produced during the expression period. To assess the fraction of Fgp41 in this protein, we compared the deconvolutions of (1) the ΔS spectrum of labeled cells and the ΔS spectrum of membrane-reconstituted Fgp41 and (2) the S 0 spectrum of labeled cell difference and the S 0 spectrum of membranereconstituted Fgp41. For either case, there were striking similarities in the deconvolutions, including the peak chemical shifts and the large fraction of the total intensity in the two high-shift peaks corresponding to the helical conformation. These similarities as well as the detection of large ΔS signals provide additional strong evidence that Fgp41 is the predominant labeled protein in the cells. This result was used to conservatively estimate that there was at least 3 mg of Fgp41 in the lyophilized labeled cell NMR sample. Other inputs for this estimate were as follows. (1) The mass of Fgp41 in the membrane-reconstituted sample was ∼5 mg. (2) The membrane and whole cell data were acquired on the same spectrometer and were the sums of approximately the same numbers of scans. (3) For the membrane-reconstituted and whole cell samples, the integrated 13 CO intensities of the ΔS spectra were within 20% agreement and there was a similar agreement for the S 0 spectra. There was ∼50 mg of total cell mass in the whole cell NMR sample, so the ratio of the mass of Fgp41 to the total dry cell mass was ∼0.05. There was ∼2 g of dry cell mass/L of culture, so prior to solubilization and purification, there was ∼100 mg of Fgp41/L of culture. The much smaller purified yield of ∼5 mg of Fgp41/L of culture points to solubilization and purification rather than expression as the limiting factors in Fgp41 production.
Because relatively harsh conditions were needed to solubilize Fgp41 in the cells, it seems likely that most Fgp41 was in inclusion bodies. Detection of the predominant helical conformation for the Leu residues in Fgp41 in the lyophilized cells, including those in the N-and C-helices of a putative SHB structure, suggests that this structure is retained in inclusion bodies.
■ DISCUSSION
To the best of our knowledge, earlier reports of bacterial production of large quantities of the ectodomain of HIV gp41 that incorporated the FP have always included a N-terminal carrier protein like glutathione S-transferase that was subsequently cleaved. This study describes production of Fgp41 that has a much shorter six-residue C-terminal histidine tag rather than a N-terminal carrier protein. The ∼5 mg of purified yield Fgp41/L of culture is approximately half of that of the highest reported yield with a carrier protein. 16 Initial solubilization and purification attempts gave only 0.1 mg of Fgp41/L of culture, and SSNMR was applied to detect whether this poor yield was due to a very low level of expression. The successful approach included identifying an abundant amino acid in Fgp41 (24 Leu residues) that was the first amino acid of an abundant sequential pair (six LL repeats). The procedure included (1) inducing cells in minimal medium with either [1-13 C, 15 N]Leu or unlabeled Leu, (2) cell pellet lyophilization, and (3) recording 13 C REDOR SSNMR spectra of the lyophilized whole cells with a short dephasing time. As expected, the spectra of the labeled and unlabeled cells were very similar in the aliphatic 13 C shift region, but the labeled cells had greater intensity in the 13 CO region. The labeled cell − unlabeled cell difference spectra were therefore assigned to Leu 13 CO groups incorporated into protein produced during the expression period. The (ΔS/S 0 ) exp of the difference spectra was close to the (ΔS/S 0 ) calc estimated for Fgp41 and provided strong evidence that Fgp41 was expressed in large quantities in the bacteria. Calibration with standard spectra led to the estimate of ∼100 mg of Fgp41/L of culture. The harsh conditions needed to solubilize Fgp41 in the cells and the ∼5 mg of purified Fgp41/L of culture provided evidence that most Fgp41 is in inclusion bodies in the bacteria. This approach to detection of recombinant protein in whole cells by SSNMR has several strengths, including (1) small (∼50 mL) culture volumes, (2) small (∼10 mg) quantities of isotopically labeled amino acids, and (3) a simple sample preparation protocol without protein solubilization or purification. The main drawback might be the few days of SSNMR spectrometer time. Future studies with other proteins are needed to test the generality of the approach.
Interpretation of the SSNMR spectra using this approach will likely not be greatly affected by some "scrambling", i.e., conversion of the labeled amino acids into other amino acids. For example, transfer of the 15 N from the labeled amino acid to other amino acids would likely result in a larger number of labeled 13 exp values for both the whole cell and membrane-reconstituted samples that were close to the values calculated using models without scrambling, and (3) deconvolutions of the S 0 and ΔS 13 CO spectra of these samples that agreed nearly quantitatively with the expected secondary structure distributions of the 24 Leu residues and the six N-terminal Leu residues in LL pairs, respectively (see Tables 1−3) . 44 The CD spectra and melting curves of purified Fgp41 support thermostable SHB structure, and this structure was retained upon membrane binding as evidenced by a predominant sharp (3 ppm) helical 13 CO feature in the ΔS spectrum of Fgp41 produced with [1-13 C, 15 N]Leu. This feature was assigned to the sum of 13 CO signals from six Leu residues that are in N-and C-helices in the SHB structure. The SHB was also observed for the membrane-associated FP-hairpin construct whose sequence was from an HIV clade different from that of Fgp41 and for which 46 contiguous residues including the native loop were replaced with six non-native residues. By contrast, Fgp41 had the full native sequence of its clade. The similar results for Fgp41 and FP-hairpin support the SHB as the final stable structure for membrane-associated gp41 (Figure 1b) .
There are two Cys residues in the Fgp41 sequence that are separated by five residues. These Cys residues are likely on either side of the tip of the loop in the hairpin structure and therefore positioned to form an intramolecular disulfide bond. 4 For the laboratory strain HXB2 sequence, these Cys residues are replaced with Ala residues (see the Supporting Information). The unfolding temperature of the HXB2 hairpin structure is 105°C, which should be within a few degrees of that of Fgp41 ( Figure 6) . 12, 14 It is therefore unlikely that the disulfide bond of Fgp41 contributes appreciably to the thermostability of the hairpin structure of Fgp41.
Fgp41 induced negligible intervesicle lipid mixing at pH 7.5, which correlated with the same result for FP-hairpin. gp41 in the final SHB state may therefore be fusion-inactive at least with respect to lipid mixing that occurs early in either fusion of membranes of HIV and host cells or in gp41-mediated cell−cell fusion. This view is supported by other fusion data showing that most membrane changes occur prior to formation of the final gp41 SHB state. 8 For negatively charged vesicles, FPhairpin and related SHB gp41 constructs induce lipid mixing at pH values much lower than pH 7 (e.g., pH 4), and the pHdependent functional difference has been correlated with changes in protein−membrane electrostatics. 17 It is therefore likely that Fgp41 will also induce lipid mixing at these lower pH values. Over the past 25 years, there have been a series of experimental studies by different groups to determine whether HIV infects cells through direct fusion at the plasma membrane or through an endocytic mechanism. 45, 46 In our view, the preponderance of data for either route supports HIV−cell fusion at pH ≈7 where SHB gp41 is fusion-inactive. There may be some differences among enveloped viruses as there is significant evidence of fusion activity of folded influenza virus fusion protein ectodomain FHA2. 33, 35 Relative to the sharp 3 ppm ΔS 13 CO signal from six Leu residues in the SHB, broader (4−10 ppm) ΔS 13 CO signals were observed from (typically) one residue in the FP. These breadths indicate conformational heterogeneity in the FP. 24, 25 This point was further supported by the ΔS spectra of V7, F8, and F11, which were reasonably deconvolved into helical and β-sheet signals and indicated two populations of Fgp41 with distinct FP conformations. Helical and β-sheet FP signals were also observed for membrane-associated FP-hairpin samples even though there were differences between the Fgp41 and FPhairpin samples, including (1) two of the 16 FP residues being different, (2) lipids being ester-linked (Fgp41) versus etherlinked (FP-hairpin), (3) membrane reconstitution being based on detergent dialysis (Fgp41) versus simple mixing of protein and vesicle solutions (FP-hairpin), and (4) unfrozen Fgp41 versus frozen FP-hairpin samples. 12 Detection of helical and β-sheet FP populations in both sample types strongly supports the existence of these populations in membrane-associated gp41 in its final SHB state. In the future, it would be very interesting to study a larger gp41 construct that contains the transmembrane domain and for which there may be close contact between the FP and transmembrane domains.
For most nonbacterial proteins produced in bacteria, a large fraction of the protein in the cells is found in "inclusion bodies", which are macroscopic noncrystalline solid aggregates. 41, 47, 48 Inclusion body formation appears to be largely independent of protein sequence. There are few data about the structure(s) of recombinant protein molecules in inclusion bodies. In this study, deconvolutions of the S 0 and ΔS spectra of the [1-13 C, 15 N]Leu-labeled inclusion body Fgp41 in cells resulted in line shapes with peak shifts and relative intensities similar to those of membrane-associated Fgp41 with folded SHB structure. It therefore seems likely that at least the SHB fold exists for most Fgp41 molecules in inclusion bodies. This is the second protein for which there is SSNMR evidence of a stable fold in inclusion bodies. This work highlights the potential of SSNMR for probing protein structure and aggregation in inclusion bodies.
MAS SSNMR structural studies of proteins are generally conducted by one of two approaches: (1) uniform 13 C and 15 N labeling, unambiguous assignment of most cross-peaks in multidimensional NMR spectra, and structural interpretation of the peak shifts and the cross-peak intensities of nuclei far apart in the sequence or (2) specific (often residue-type or at least amino acid-type) labeling and quantitative SSNMR measurements (e.g., shifts or dipolar couplings) to test specific structural models. 49−51 The choice of approach for a particular protein depends on protein size and quantity as well as NMR line widths. Approach 1 is more feasible for smaller proteins, high protein concentrations, and narrow (<1 ppm) line widths. This study is an example of approach 2, which was appropriate given the 162 residues, the ≈0.01 Fgp41:lipid ratio (with additional dilution of Fgp41 in the sample from water), the 3− 10 ppm 13 CO line widths, and the possibility of FP conformational heterogeneity (shown to be true in this study). The approach considered a model based on the existing high-resolution SHB structures of gp41 fragments and the extensive residue specific SSNMR data for membraneassociated HFP. 
